ABSTRACT: One major advantage of organic electronics is their superior processability relative to traditional silicon-based materials. However, most high-performing polymer semiconductors exhibit poor solubility and require toxic chlorinated solvents coupled with inefficient coating methods such as spincoating for device fabrication. Therefore, developing polymer semiconductors that are processable in environmentally benign solvents and compatible with effective printing techniques while maintaining good charge transport properties is crucial for the industrialization of low-cost and lightweight plastic electronics. In this study, alkyl flexible linkers with branched tertiary carbon atoms are inserted to a high-mobility diketopyrrolopyrrolebased polymer backbone to suppress polymer aggregation in solution, decrease crystallinity, and increase free volume. The polymer readily dissolves in industrial solvents and shows a 70-fold increase in solubility compared to its fully conjugated counterpart. Furthermore, due to its high solubility, the polymer can be inkjet-printed and solution-sheared at high concentrations using eco-friendly solvents such as p-xylene and 2-methyltetrahydrofuran with a maximum hole mobility of 2.76 cm 2 V −1 s −1 and on−off ratio above 10 5 in organic field-effect transistors.
INTRODUCTION
Polymer semiconductors are emerging materials for wearable and implantable electronics due to their intrinsic flexibility, 1−4 relative low tensile modulus, and biocompatibility. 5−7 Furthermore, organic semiconductors are often known for their high chemical tunability and processability, which can yield low-cost electronics via solution-based printing and coating techniques compatible with high-throughput roll-toroll processes. 8−10 The promise is that the ease of fabrication for organic electronics could one day be comparable to that of printing newspapers. 11 Yet current record-performing polymer semiconductors still require the spin-coating of toxic chlorinated solvents at elevated temperatures for device fabrication, which is nonideal in industrial settings. 12−14 The removal of hazardous solvents and the utilization of efficient printing techniques are therefore vital toward the commercialization of polymer semiconductors. 15 For organic photovoltaics (OPVs), significant progress has been made recently in developing green-solvent processable polymer solar cells. 16−19 Ye et al. demonstrated blade coating of polymer:fullerene OPVs and all-polymer OPVs with high power conversion efficiencies using a benign food additive as solvent. 20 Similarly, Zhao et al. did so using environmentally friendly solvents such as tetrahydrofuran mixed with isopropyl alcohol. 21 The dissolution of high-mobility polymers for organic field-effect transistors (OFETs), on the other hand, remains a challenge due to the rigid polymer backbones, high molecular weights, and strong aggregation properties that are essential for good charge transport. 22−25 Thermodynamically, high-performance conjugated polymers exhibit strong intermolecular interactions, causing large free volume dissimilarity between polymer and solvent molecules and the free energy change of solvation less negative. 26, 27 One common approach to enhance polymer semiconductor processability is by introducing solubilizing side-chains. 28−30 Matthews et al. have shown that increasing alkyl side-chain length and volume ratio could improve polymer solubility in nonhalogenated solvents such as toluene, xylenes, and tetralin. 31 Others have incorporated ethylene glycol-based side-chains to increase polymer processability in polar solvents such as tetrahydrofuran, ethanol, and even water. 32−35 Low field-effect hole mobilities (μ h < 10 −2 cm 2 V −1 s −1
) were, however, achieved for water/alcohol processed devices. Another strategy is to introduce backbone asymmetry to disrupt molecular aggregation in solution, which could be done through random copolymerization 36 or the incorporation of asymmetric monomer units 37, 38 to weaken π−π interactions. However, these studies still use spin-coating as their film deposition method, which is not scalable for large area deposition and a wasteful processas the majority of polymer ink is spun off the substrate. The implementation of large area coating techniques such as slot-die-coating, gravure-coating, and blade-coating using benign solvents, on the other hand, is nontrivial as well-dissolved and highly stable polymer inks (concentrations >10 mg mL −1 ) are often desired, 15 whereas spin-coating could be performed with concentrations as low as 2 mg mL −1
. Other patterning techniques such as inkjet printing require well-dissolved inks that could be filtered through a submicrometer filter to prevent the clogging of the inkjet nozzle.
Here, we design a highly processable diketopyrrolopyrrole (DPP)-based polymer with isomeric flexible linkers that could be solution-sheared and inkjet-printed using nonhalogenated solvents for high-performance OFETs. Recently, several groups reported the use of nonconjugated flexible linkers to enhance the processability, 39, 40 stability, 41−43 and stretchability 44, 45 of polymer semiconductors with minimal compromise in device performance. Zhao et al. further demonstrated that the addition of linear alkyl linkers could greatly lower the melting temperature (T m ) of polymer semiconductors, allowing them to be melt-processed at high temperatures (>100°C). 46−48 To date, all studies have focused on isotactic, linear secondary carbon linkers with varied molar percentages and alkyl lengths. In this paper, we investigate for the first time the effect of atactic, branched tertiary carbon atoms in the flexible linkers on the semiconductor's optoelectronic properties and solution processability. We hypothesize that the insertion of branched flexible linkers can be an effective strategy to alter polymer morphology, reduce aggregates in solution, and increase polymer free volume for enhanced polymer−solvent interactions.
RESULTS AND DISCUSSION
As the effect of flexible linker on polymer solubility in nonhalogenated solvents has yet been studied, a linear linker (C 5 ) was synthesized as a control along with the two new branched linkersone with an additional methyl group (C 5 M) and another with two ethyl groups (C 5 DE) (Figure 1 ). For a systematic study, all alkyl linkers were kept at five carbon atoms in length. Density functional theory (DFT) was used to calculate the optimized conformation and dihedral angle of the linker backbone. As shown in Figure 1 , the C 5 linker has a dihedral angle of 180.0°, indicating a perfectly planar structure. C 5 M, on the other hand, is slightly bent from the methyl group to give a dihedral angle of 176.2°. The additional methyl group further introduces atacticity and regio-irregularity to the polymer backbone due to a lack of planar symmetry. Finally, C 5 DE is completely twisted with a dihedral angle of 108.3°and contains two chiral centers to give three stereoisomersS−S, S−R, and R−Rwhich should greatly interrupt polymer packing and increase the polymer's free volume.
2.1. A Model Study: Fully Nonconjugated DPP Polymers. To assess the effect of linker nonlinearity on polymer morphology, the flexible linkers were polymerized with 3,6-bis(5-bromothiophene-2-yl)-N,N′-bis(5-decyl-1-pentadecyl)-1,4-dioxopyrrolo [3,4-c] pyrrole (DPP monomer) in 1:1 molar ratio via Stille coupling to give nonconjugated polymers: DPP-C 5 , DPP-C 5 M, and DPP-C 5 DE. The polymers were purified by Soxhlet extraction using methanol, acetone, and hexanes to remove low molecular weight oligomers and impurities before extraction by chloroform to yield a dark blue powder. Notably, DPP-C 5 DE was a dark blue paste ( Figure  S7 ) and exhibited superior processability as it completely dissolved during hexanes Soxhlet extraction. The polymers showed comparable number-average molecular weight (M n ) of around 15 kg mol −1 , weight dispersity (Đ W ), and degree of polymerization (DP n ) as determined by high-temperature sizeexclusion chromatography (SEC) at 180°C (Table 1) .
Grazing-incidence X-ray diffraction (GIXD) and differential scanning calorimetry (DSC) were performed on the polymers to probe molecular packing and physical properties such as crystallinity, glass transition temperature (T g ), and melting temperature (T m ). DPP-C 5 showed intense out-of-plane (h00) alkyl diffraction up to the fifth-order reflection and a strong (010) peak on the q x,y axis, indicating strong edge-on orientation and a high degree of crystallinity ( Figure 2a ). DPP-C 5 M and DPP-C 5 DE, on the other hand, both showed weak (200) intensity and no obvious (010) π−π stacking peak, indicating low ordering and crystallinity. This is consistent with DSC data, which showed a decrease in the enthalpy of fusion (ΔH fus ) and T m with increased branching (Table 1) . This is likely due to the torsion introduced to the polymer backbone through the branched flexible linkers shown in DFT calculations, which greatly hinders π−π interactions between the DPP and thiophene units. DPP-C 5 M and DPP-C 5 DE are also atactic which exhibit low crystallinity relative to isotactic DPP-C 5 . Aside from the side-chain T g (∼49°C), a backbone T g was also observed for DPP-C 5 DE at 6°C. Its T m and ΔH fus of 57°C and 0.7 J g −1 , respectively, are both among the lowest reported for flexible linker polymers and may be good candidates for low-temperature melt processing method previously reported by Zhao et al. 46 The viscoelastic properties of the polymers at room temperature were examined using frequency sweep experiments. DPP-C 5 and DPP-C 5 M both exhibited a plateau of storage (G′) and loss (G″) moduli characteristic for linear elastic solids (Figure 3 ). DPP-C 5 DE, on the contrary, displayed heavily viscoelastic behavior at room temperature with G″ dominating at most frequencies and significantly lower moduli overall due to its subambient backbone T g as well as the isomeric nature of the C 5 DE linker, which further limits interchain interactions. This accounts for the soft paste-like appearance of the polymer.
Conjugated DPP Polymers with Branched Flexible Linkers.
Encouraged by the drastic change in polymer physical properties when introducing atacticity and chirality through tertiary carbon atoms, DPP polymers with 10 mol % of flexible linker and 90 mol % 1,2-(E)-bis(5′-trimethylstannanyl-2′-C-thienyl)ethene (TVT monomer) were synthesized to give DPP-10C 5 , DPP-10C 5 M, and DPP-10C 5 DE. Incorporation of 10 mol % flexible linker was selected, as previous studies showed negligible change in bandgap, HOMO−LUMO levels, and charge transport properties at this ratio. 39, 44 Fully conjugated DPPTVT was synthesized through the polymerization of a 1:1 equivalence of DPP/TVT monomer as a reference material to investigate the effect of introducing alkyl linkers on polymer processability. High-temperature SEC gave high M n (∼45 kg mol
) for all polymers with comparable number-average degree of polymerization DP n ∼ 36 ( Table 2) . Maintaining high and similar M n is essential in this study as low-M n polymers have lower solvation energy, making it difficult to evaluate the effectiveness of branched flexible linkers on polymer processability. The correct chemical composition and mol % of flexible linkers in the polymers were confirmed by 1 H NMR ( Figure S4 ). 2.2.1. Physical Properties. GIXD images of the polymers showed strong edge-on orientation with (h00) lamella diffraction peaks up to the third-order and a weak (010) π−π stacking peak (Figure 4a ). Unlike the fully nonconjugated polymers, the relative degree of crystallinity between the polymer films was not obvious initially. However, from the meridian linecut plots (Figure 4b ), a sharp decrease in lamellar peak intensity was observed for DPP-10C 5 M and DPP-10C 5 DE relative to DPPTVT and DPP-10C 5 . This is consistent with earlier X-ray results that showed a high degree of ordering for fully nonconjugated DPP-C 5 , indicating that the linear alkyl linker C 5 is insufficient to disrupt polymer crystallinity. C 5 M and C 5 DE linkers, on the other hand, due to their twisted structure, could suppress polymer crystallization by introducing kinks to the polymer backbone. Polymer crystallinity has implications on polymer solubility as the solvation enthalpy change must provide for the enthalpy change of fusion to melt crystallites. 27 Hence, a lower degree of crystallinity should aid in the dissolution of semicrystalline conjugated polymers.
UV−vis absorption spectra of the polymers in solution and thin film were measured ( Figure 5 ) to investigate their aggregation and optoelectronic properties. A π−π* transition was recorded around 450 nm for all polymers in both states. Their internal charge transfer peak between 600 and 900 nm showed two distinct vibronic bands: the 0−1 and 0−0 transitions, with the lower energy 0−0 peak typically attributed to polymer aggregation. 49, 50 When normalized to the 0−1 vibronic peak, a gradual decrease in polymer aggregation was observed in solution with increased branching, suggesting better solvation of polymer chains. Interestingly, for the thinfilm spectra, such a trend was not observed. A slight decrease in the 0−0 peak was only recorded for DPP-10C 5 and DPP-10 5 M, suggesting that a reduction of aggregation in solution does not necessarily translate in film state. This is promising, as strong short-range order was only disrupted in solution for enhanced processability but mostly maintained in film state for good charge transport. 22 Not surprisingly, a small blue-shift was observed for all polymers relative to DPPTVT due to a decrease in conjugation length caused by the flexible linkers ( Figure S28 ).
To better understand the effect of branching in flexible linkers on polymer chain dynamics and free volume, the T g of the polymers were measured using DSC and dynamic mechanical analysis (DMA). The DSC and DMA measurements of DPP-10C 5 DE are shown in Figure 6 , and the results are summarized in Table 2 . Detailed DSC and DMA curves for other polymers can be found in the Supporting Information (Figures S10−S15). As expected, no T m was observed by DSC for all polymers, which is typical for most donor−acceptor (D−A) conjugated polymers due to their low crystallinity. A side-chain T g ∼ −46°C was observed for all samples, but only DPP-10C 5 DE exhibited a backbone T g at 42°C. The backbone T g of the remaining polymers could only be measured by DMA temperature sweep experiments following reported procedures. 39 The T g could be extracted either from a peak in tan δ or from the loss modulus (E″); both values are included in Table 2 . According to the values obtained for sidechain T g , E″ corresponds closer to the values obtained from DSC compared to tan δ. A low backbone T g of 81°C was observed for DPP-10C 5 based on E″, which is consistent with the literature 39 and attributed to an increase in backbone segmental motion from the nonconjugated flexible linker. DPP-10C 5 M and DPP-C 5 DE gave even lower backbone T g of 33 and 35°C, respectively, suggesting that even a small fraction of incorporated tertiary carbon atoms in the backbone is sufficient to increase the free volume of the conjugated polymers. Table S1 of the Supporting Information. 
Polymer Processability.
As an initial evaluation of processability, the polymers were dissolved in hot 1,2-dichlorobenzene (o-DCB), a common chlorinated processing solvent for conjugated polymers, at 20 mg mL . DPPTVT could not be dissolved at such a high concentration; hence, a lower M n (28 kg mol −1 ) batch was prepared with a 1:0.9 equivalence of DPP/TVT monomer to give DPPTVT-28k, which was dissolved at 10 mg mL . Upon cooling to room temperature DPPTVT-28k and DPP-10C 5 formed gels after 10 min, whereas DPP-10C 5 M partially gelled, and DPP-10C 5 DE maintained a homogeneous solution (Figure 7a) . For a more quantitative evaluation of the polymer inks, their viscosities were measured by rotational rheometry at various shear rates (Figure 7b ). Aside from DPP-10C 5 which showed a high viscosity of 1.4 Pa s at a shear strain rate of 10 s −1 and a gradual decrease to 0.15 Pa s at 100 s −1 due to shear thinningall polymers behaved as Newtonian fluids with negligible change in viscosity in the shear sweep experiment. DPP-10C 5 DE gave the lowest viscosity at 9 × 10 −3 Pa s across all measured shear rates, likely due to low aggregation and a larger free volume.
To evaluate the branched linker's effect on solvation, the polymers were dissolved in p-xylene, a nonpolar industrial solvent. The solubility limit of each polymer in p-xylene was calculated via UV−vis spectroscopy following a previous report. 25, 35 Known concentrations of 0.001−0.010 mg mL
in p-xylene were measured first to generate a linear plot of polymer concentration to the absorption maxima by the Beer− Lambert law (Figure 7c) . A saturated polymer solution in pxylene at 80°C was then diluted 3000-fold, and its UV−vis absorption was measured. Based on the maximum absorption and linear plot, the polymer saturated concentration could then be extrapolated. As shown in Table 3 , the solubility limit of DPPTVT in p-xylene was merely 1.0 mg mL
. DPPTVT- 28k showed a marginal improvement of 3.0 mg mL −1 due to a decrease in M n . However, by incorporating 10% of flexible linker, the solubility limits were elevated to 8.1 and 23.8 mg mL −1 for DPP-10C 5 and DPP-10C 5 M, respectively. DPP-10C 5 DE gave the highest solubility limit of 70.9 mg mL −1 , which is 70 times higher than the reference polymer DPPTVT. The saturated polymer solution had to be diluted 9000-fold to obtain an absorption maximum within the linear plot range (Figure 7d ). Its solubility limit in 2-methyltetrahydrofuran (2-mTHF), a popular polar green substitute for tetrahydrofuran, was also measured and calculated to be 20.6 mg mL
. The superior solubility of DPP-10C 5 DE could be attributed to its isomeric flexible linker, which reduces intermolecular interactions and the polymer's propensity to form aggregates in solution. 51 Furthermore, its longer branching gives the polymer a larger free volume for solvent interactions.
2.2.3. Charge Transport Properties. Aside from solvation, the effect of branched flexible linkers on polymer charge transport is also critical. The field-effect hole mobility (μ h ) of the polymers was measured by preparing OFET devices with a bottom-gate/top-contact (BGTC) configuration on noctadecyltrimethoxysilane (OTMS)-modified SiO 2 /Si substrates. Solution shearing and inkjet printing were selected as the deposition methods due to their compatibility with roll-toroll processes and their ability to enhance charge transport through preferential polymer alignment in a specific direction.
8,52−57 Solution shearing allows for efficient largearea printing, and inkjet printing permits microscale patterning. Furthermore, while there are several reports of OFETs prepared through spin coating of industrial solvents, there is still little work on environmentally benign solvent printed OFETs.
The conditions that gave the best device performance for each solvent and deposition method are summarized in Table  4 . For simplification and better comparison of film quality achieved by the different solvents, only the device characteristics and charge transport along the coating direction are shown in Table 4 for the solution-sheared films, which exhibited higher μ h in the tested conditions. OFET device characteristics in the direction perpendicular to shearing and other shearing speed tested can be found in the Supporting Information (Tables S2−S7 ). While Table 4 shows the best conditions tested in this study for different solvents and deposition methods, the film quality is not yet optimal, as there are still many parameters (temperature, concentration, blade architecture, etc.) that could be tuned to improve polymer chain alignment, which falls out of the scope of this study.
The polymers were first solution-sheared using chlorobenzene (CB) as a point of comparison, which typically gives high performance and uniform films due to excellent polymer solubility.
58−60 Based on cross-polarized optical microscopy, polarized UV−vis spectroscopy, and μ h anisotropy, chain alignment in the direction of shearing was observed for all polymers except for DPP-10C 5 ( Figure S20 ). Birefringent films were obtained according to cross-polarized images, and a dichroic ratio R > 1.0 was recorded indicating a preferential alignment in the direction of shearing (Table 4 ). The dichroic ratio R was defined as the absorption of the polymer 0−0 peak in the direction parallel to shearing divided by that in the perpendicular direction (R = A ∥ /A ⊥ ). As shown in Table 4 , a All polymer thin films were thermally annealed at 150°C for 30 min under nitrogen before measurement. All values are averaged and extracted from at least six devices. For solution-sheared devices, the parallel-to-shearing-direction transport characteristics are given. b Deposition condition of the best device characteristics achieved for each solvent and deposition method. The shear rate, spin rate, and drop-to-drop distance are shown for solution shearing, spin coating, and inkjet printing, respectively. Device characteristics of all deposition conditions attempted in this study are in the Supporting Information (Tables S2−S8) .
c Field-effect hole mobility. was achieved for DPPTVT28k. DPPTVT solution could not be sheared to give a uniform film with sufficient thickness (at least 20 nm) due to its poor solubility. As anticipated, the polymers with 10 mol % flexible linkers still exhibited excellent semiconducting properties. DPP-10C 5 M and DPP-10C 5 DE gave similar μ h at 1.94 and 2.04 cm 2 V −1 s −1 , respectively, despite a decrease in crystallinity. The high μ h was likely maintained due to the high M n and aggregation shown by UV−vis in the polymer films. 22, 23 A slight decrease in μ h was recorded for DPP-10C 5 at 1.17 cm 2 V −1 s −1 , likely due to a lack of alignment and deposition-induced ordering. No birefringence was observed, and a dichroic ratio of R = 1.0 was measured (Table S2 and Figure S20 ).
The exceptional processability of DPP-10C 5 DE was illustrated by solution shearing with several nonhalogenated solvents. Tetralin, mesitylene, and p-xylene polymer inks displayed outstanding polymer−solvent interaction and were sheared at a high concentration of 22 mg mL , respectively. o-MA is a benign food additive with an NFPA rating of 0 for health hazard and was previously used to coat polymer semiconductor blends for OPVs. 18 However, due to their poor wettability, both o-MA and 2-mTHF showed limited layer coverage and no alignment in the tested conditions. The o-MA polymer solution could only be sheared on benzocyclobutene (BCB)-modified substrates, which has a lower contact angle but typically gave lower μ h compared to OTMS substrates. Possibly due to its limited solubility, films prepared by shearing as well as spin-coating in o-MA showed low uniformity and higher film roughness ( Figure S25 ), which accounts for the compromised device characteristics.
DPP-10C 5 DE was further applied to inkjet printing to test its applicability in patterning techniques. Tetralin was selected as the solvent for its high boiling point (∼207°C), which allows elevated processing temperatures without the worry of clogging the 21.5 μm wide nozzle from solvent evaporation. The polymer ink was prepared at a concentration of 13 mg mL −1 and filtered through a 0.45 μm Teflon filter prior to printing. As shown in Figure 8g ,h, the ink showed stable jetting during printing process and excellent printability to give rectangles and lines. Furthermore, due to the high concentration, only a single printed layer was required to give a continuous and uniform film on BCB substrates with a μ h of 0.52 cm 2 V −1 s −1 . A representative transfer and output curve is shown in Figure 8e ,f. Surprisingly, the μ h measured was greater than what was obtained for a film prepared from spin coating on BCB (Table 4) , possibly due to the alignment that came from the directional drying along the printing direction ( Figure  8i ). This is promising as the high processability of the polymer has enabled inkjet printing to pattern and boost charge carrier mobility simultaneously through polymer alignment, which is highly attractive for low-cost fabrication of plastic electronics. 
CONCLUSION
In summary, we synthesized two branched nonconjugated flexible linkers, C 5 M and C 5 DE, incorporated them into conjugated DPP polymers, and revealed an effective and versatile approach to enhance polymer processability in benign solvents. DFT calculations revealed that the insertion of tertiary carbon atoms to alkyl linkers could lead to significant bending and torsion to conjugated backbones. This was consistent with GIXD studies and solution UV−vis which showed a decrease in polymer crystallinity and aggregation relative to fully conjugated DPPTVT and DPP-10C 5 . DSC and DMA experiments revealed a suppression in backbone T g indicating an increase in the free volume of the polymers with branched alkyl linkers. Rheology measurements revealed that polymer solution viscosity was directly proportional to the amount of branching in the flexible linkers. Owing to the synergistic effect of decreased crystallinity and solution aggregates and increased free volume, the solubility limits for DPP-10C 5 M and DPP-10C 5 DE in the benign solvent p-xylene are respectively 23-and 70-fold greater than that of the reference polymer DPPTVT. DPP-10C 5 DE thin films were successfully deposited by solution shearing at high concentrations for both polar and nonpolar benign solvents for OFETs to give a maximum μ h of 2.76 cm 2 V −1 s −1
. Polymer inks in tetralin showed high stability and were inkjet-printed to give μ h of 0.52 cm 2 V −1 s −1 . Branched alkyl linkers are found to be a powerful tool to strengthen solvent interactions of highperformance polymer semiconductors with minimal compromise in charge carrier mobility, which activates their true potential in low-cost, lightweight, and eco-friendly printed electronics.
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